In situ permeabilities measured within the upper kilometer of oceanic crust in hole 504B on the south flank of the Costa Rica Rift decrease exponentially from 10-•3 to 10-•4 m e in layer 2A (the upper 150 m) to 10 -x5 to 10 -•7 m e in layer 2B (150-550 m into basement), and to 10 -•7 m e and lower in layer 2C (deeper than 550 m). We estimate the permeability (k) versus depth (z) to vary as k(z)= 0.11e •-:/5ø• x 10 -x2 m e. If this permeability versus depth function is representative of the oceanic crust in general, then hydrothermal convection would be vertically stratified, with the most vigorous circulation confined to the shallowest pillow basalt layers of the crust. The use of a full suite of geophysical logs (including borehole televiewer imagery; multichannel, full waveform sonic; nuclear; and variable spacing electrical resistivity logs) allows the characterization of the scale and interconnectedness of fractures, and the degree of infilling of these fractures by alteration minerals. At hole 504B, we observe a relationship between permeability and fracture porosity, determined from the geophysical logs. If fractures with similar aspect ratios are encountered at other oceanic sites, then prediction of the permeability of the oceanic crust to within an order of magnitude is possible from geophysical logs. At hole 395A in the Atlantic, for example, in situ permeability measurements yielded values similar to those predicted by the logging relationships established at hole 504B. 237-244, 1983. Zoback, M.D., and R. N. Anderson, The implications of fracture distribution, structure and stratigraphy from borehole televiewer imagery of the oceanic crust on the Costa Rica Rift, Nature, 295,
INTRODUCTION

Convection
of seawater within the oceanic crust is now a well-established physical observation. From hot springs spewing forth 350øC, mineral-laden "smoke" at the ridge axes [e.g., Macdonald and Luyendyk, 1981] , to 50 Ma seafloor in the Indian Ocean with the distinct heat flow "oscillations" characteristic of ridge flank convection [Anderson et al., 1979] , to helium anomalies which are a fingerprint of convection in 20 Ma sediments of the eastern Pacific [Sayles and Jenkins, 1982] , the evidence continues to accumulate that hydrothermal circulation is one of the dominant physical and chemical processes controlling aging of the oceanic crust. Fully one third of all seafloor is thought to have active convection within its crust, and the other two thirds bears the •mmi•takable chemical sienature of oast hvdrothermal activitv [e.g., Staudigal and Hart, 1984 ]. Yet the most fundamental physical parameter which controls the form, magnitude, and duration of ocean crustal convection is also the least well understood: permeability. We know neither about the permeability versus depth function in the oceanic crust, nor how it varies with age and geography.
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In order to measure directly this crucial parameter, we have been conducting in situ flow tests in Deep Sea Drilling Project (DSDP) boreholes over the last 6 years: first in hole 504B in the eastern Pacific on legs 68 and 69 [Anderson and Zoback, 1982] , then in hole 395A on the Mid-Atlantic Ridge during leg 78B [Hickman et al., 1984] , and then again in hole 504B on legs 83 and 92 (reported below). Hole 504B has penetrated over 1 km into the upper oceanic crust and, as such, offers the first DSDP hole in which measurements of permeability have been made in layers 2A, 2B, and 2C of the crust.
In this paper, we report permeability measurements made over the lower 750 m of hole 504B during leg 83, and we derive a permeability versus depth function from this and previous measurements made at this site. We then examine geo-13hysical logs from the hole to determine if they may be used to predict permeability by indirect means. The crucial parameters that we extract from these logs are the scale of fracturing, how interconnected these fractures are, and how much the infilling of alteration minerals has clogged the fractures. As will be shown below, these logs offer great promise as a predictor of crustal permeability, at least to within an order of magnitude accuracy. This extension from direct to indirect measurement of permeability is essential if we are to discuss premeability versus depth and age in the oceanic crust on a large scale. The experimental procedure involved in direct permeability measurement is much too complex, time consuming, and fraught with mechanical difficulty to be carried out extensively in the oceanic crust within the next several years. Geophysical logs are relatively cheap and easy to obtain, however. 3659 This article is a U.S. government work, and is not subject to copyright in the United States. The volume of water pumped into the formation is called a "slug" because the water pressure in the wellbore is raised almost instantaneously (Ho). We then monitor the decay of this pressure slug (H), and the rate of return to normal formation pressures is a direct measure of the formation permeability. This permeability is a "bulk" measurement over the entire interval between the bottom of the hole and the location of the packer.
The results of this test are described below. The slug test theory used to derive permeability from pressure-time measurements is detailed in the appendix and in the work of Hickman et al. [1984] . Constant flow rate and drawdown tests which failed on legs 83 and 92 are described by Anderson et al. [1984b] .
THE SLUG TEST RESULTS
For the successful slug test, the packer element was set across a massive flow unit seen on the borehole televiewer log [Newmark et al., 1984] at 4010 m below the rig floor (524 m below the seafloor and 250 m into basement). Three consecutive slugs were injected into the formation: the first began at 12.5 bars above hydrostatic and was monitored for 730 s, the second began at 15.5 bars above hydrostatic and was recorded for 734 s, and the third began at 14.6 bars for 717 s (Figure 3) . There are two contributions to error with which we are particularly concerned. First, error in fitting the proper alpha curve is estimated as discussed in the appendix by "misfitting" the data with alpha curves one order of magnitude larger and smaller than the best fit for each test. Transmissivity values together with these errors are given in Table 1. A second source of error arises because we do not have a firm idea what the temperatures are for the fluid injected into the test interval, and viscosity is strongly temperature depen-dent. The time between last circulation of the entire well and setting of the packer will determine the amount of reheating of the wellbore fluid as it rebounds to the formation equilibrium temperature. It is then this wellbore fluid which is pumped into the formation. For this permeability test, the drill string was pulled completely to the surface after the last circulation, and the packer was attached and run back into the hole. The amount of time elapsed was 26 hours. A reasonable estimate of the temperature of water in the well after that time comes from temperature logs run after similar delays during the logging program (Figure 2) . We calculate the temperature (T) dependent viscosity, as 0.1668 T -ø'8987 in poise [Gartling, 1977; Gartling and Hickox, 1979 ]. The likely average fluid temperature within the test interval is 90øC ( Figure 2 ). We estimate error introduced into the permeability calculation from uncertainty in temperature by calculating k using viscosities at 60 ø and 120øC. The latter is a likely maximum because it is the average formation temperature, itself, and the former is the estimated temperature of water at the top of the test interval. We then combined the error introduced by uncertainties in temperature with errors introduced by possible mismatches to the type curve (in such a way as to maximize the composite error) to produce the permeabilities in Table 1 .
We calculate a composite permeability value for the lower 749 m of hole 504B to be 1.4 x 10-17 m 2, from the average of all values calculated in Table 1. Because Anderson and Zoback [1982] completed the permeability tests in the shallow portion of the hole before the lower 800 m were drilled, they were unaware of the rapid temperature increase below the aquifer in layer 2A. They then used viscosity for 20øC water for all their calculations. While this is a reasonable value for the constant-rate flow test from 50 to 200 m into basement (see Figure 2 ), the two slug tests at 190 to 210 m injected waters hotter than these into the formation. We recalculate these latter permeability values using water temperatures of 50øC and find the permeability to be 2.6 x 10-15 m 2 and 1.9 x 10-15 m :, respectively.
DISCUSSION
The successful packer seat during leg 83 gave good results; the curve fits were excellent for all three slug tests conducted over the lower 749 m of the hole, and the error estimates for each test overlap those for the others. The primary cause for error, i.e., unknown temperatures of injected fluid, will be difficult to reduce in future testing because even if a temperature sensor is included with the downhole pressure gauge, the temperature profile below the packer will still be indeterminate.
The most important result of the hydrological measurements in hole 504B is the drop in bulk permeability from approximately 10 -13 to 10 -14 m 2 in layer 2A to 10-15 m 2 at the top of layer 2B to 10-17 m • over layers 2B and 2C ( Figure   5 ). Extrapolation of the observed decrease into layer 3 would predict gabbroic permeability to be less than 10-19 m 2. Essentially impermeable granites have such permeabilities. Such an extrapolation is unwarranted at this time because, to our knowledge, few in situ measurements of permeability in gabbros of any kind have ever been made. Also, the major drinking water supply on Cyprus is from the gabbroic layers of the Troodos ophiolite, widely held to represent ancient seafloor. This implies high present-day permeability for layer 3 of the Troodos ophiolite (because of extensive fracturing either before or after emplacement?) and might prevent further speculation about the extrapolation of our results into layer 3. Another important unknown in the permeability versus depth function is the time term. We have little evidence with which to add age dependence to the hole 504B results, let alone to a general relationship. The alteration of the minerals found in cores from layer 2C shows clear indications of a previous, higher-temperature history, followed by much colder conditions than those currently found in the hole [Alt and Laverne, 1984] . Both colder and hotter circulation systems imply that the permeability in layer 2C was higher, and the circulation was more vigorous in the past than at present. That is, high temperatures were probably present right at the ridge axis when mineralization responsible for the stock work at the dike-pillow boundary was formed. As mentioned above, cold waters circulating downward through the highly permeable layer 2A are required to have met hot, mineralized waters from layer 2C to account for the deposition of metalrich veins at that time. recirculate several times within a closed system. Temperature and mineral precipitation would both be enhanced in such a closed geochemical system. Gartling and R. N. Anderson (unpublished manuscript, 1984), and (3) I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I 396B (23.05øN, 43.30øW), 417D (25.04øN, 68.05øW), 395A (22.45øN, 46.05øW), 556 (38.56øN, 34.41øW), and  558 (37.46øN, 37.21øW) . Numbers on dashed lines are laterolog age isochrons from magnetic anomaly identification. are also too high to be consistent with either sonic logging or refraction results, again as is the case at hole 504B, then fractures not sampled within the cores must control the propagation of sound in the oceanic crust at least at hole 504B. That is, small fractures are required to slow velocities at the short wavelengths of the sonic log, but these fractures must be uniform over a large area to slow the velocities at the long wavelengths of the seismic survey.
QUALITATIVE ESTIMATES OF PERMEABILITY
In fact, the velocity results from hole 504B hold in general for fractured crystalline rocks. For example, Moos and Zoback [1983] found that logging velocities were consistent with refraction velocities but considerably lower than laboratory measurements of velocities on cores of granite from a Mojave Desert wellbore. It appears that the propagation of sound in crystalline media is controlled by interconnected macrofractures of the order of 1 m in length and millimeters to centimeters in aperture [Moos and Zoback, 1983; Seeburger and Zoback, 1982] . We are left, then, with the determination of the hydraulic permeability of these fractures.
For this, some measure of the porosity of the rock is needed. Just as with the acoustic experiments, electrical resistivity measurements at several different wavelengths can be used to estimate the scale of porosity. At hole 504B, the porosity determined from long-spacing resistivity measurements over tens of meters of the borehole agrees well with porosities calculated from the spherically focused laterolog, a device which penetrates only a few tens of centimeters into the formation [see Becker et al., 1982] .
But additional tests need to be applied to the porosity calculation from resistivity logging to determine if it is due to fractures, and if so, whether those fractures are indeed open to hydraulic flow. For this, we use the borehole televiewer to produce an image of the wellbore [Zoback and Anderson, 1982] . A fracture log derived from the borehole televiewer [Newmark et al., 1984] can be compared to the porosity curves ( Figure 6 ). If they track each other down the hole, then it is likely that the porosity resides within fractures in the rock. 2B (Figure 6) . High permeability could be expected in this zone, as is the case. Layer 2B has lower permeability, as the combined analysis of the logs would predict. The porosity drops in layer 2B; the fracture count first decreases, then increases; but the clay content increases substantially (Figure 6) , indicating that fractures are clogged more completely with alteration products in layer 2B than in layer 2A. The precipitous drop in permeability in layer 2C can also be predicted from the logs; the porosity drops significantly, the fracture count drops somewhat, and the clay content remains relatively high (see Figure 6 for quantitative estimates of these changes).
Consider the borehole televiewer
PREDICTION OF PERMEABILITY IN OTHER
DSDP BOREHOLES
Becker et al. [1983] plotted permeability on the same graph as porosity derived from their long-spacing electrical resistivity experiment and suggested that the two were directly related. We have expanded the correlation at hole 504B to include other geophysical logs. But can reasonable predictions be made at other sites where permeability measurements have not yet been made?
We begin in the only other hole where in situ permeability measurements have been made in the oceans, hole 395A just off the axis of the Mid-Atlantic Ridge (Figure 7) . Hickman et al. [1984] measured permeability values of 3 to 9 x 10-•8 m E at 490-to 571-m subbasement, and they estimate values several orders of magnitude higher in the shallow crust at that site, based upon drawdown of ocean bottom water into an underpressured layer 2A. Although the geophysical logging results were of much poorer quality in hole 395A than at hole 504B, a reasonably accurate electrical resistivity log was obtained (Figure 8) . Here, as at hole 504B, we see low apparent resistivity where high permeability is suspected, and a dramatic increase in resistivity to values indicative of very low porosities at the bottom of the hole where low permeability was measured (Figure 8) . In fact, the resistivity is higher than at hole 504B (after taking into account the higher temperature in hole 504B; see below)just as the permeability is lower, although some of this difference is caused by the difference in borehole temperatures between the two wells.
The conversion from electrical resistivity to porosity is strongly temperature dependent [cf. Von Herzen et al., 1983], and therefore good temperature versus depth information is required in a geothermally hot borehole such as hole 504B. All of the Atlantic boreholes referred to in this paper, however, are cold throughout, so an intercomparison of resistivities between the Atlantic holes is an accurate measure of porosity variations (Figure 8b) . Increased temperatures decrease electrical resistivity, so hole 504B resistivities are lower than if normalized to a cold "Atlantic standard" (Figure 8a versus  Figure 8b ). We then predicted premeability in the Atlantic boreholes from uncorrected electrical resistivity logging results instead of from calculated porosities as at hole 504B ( Figure  8b) . The permeability predicted in this manner is roughly consistent with that at the bottom of hole 395A measured by Hickman et al. [1984] . the argument for the high permeability of the shallow oceanic crust.
In order to have much faith in predictions of
We have developed a conceptual analogy for extending the difficult and time-consuming task of measuring oceanic crustal permeabilities in situ to the more readily accessible "fracture porosity" determination using electrical resistivity and other geophysical logs. An internally consistent cross correlation among the extensive suite of in situ geophysical experiments at site 504B demonstrated that permeability in layer 2 basalts is controlled by fracture density and the degree of infilling of those fractures by alteration products. "Fracture porosity" derived from the electrical resistivity logs directly measures these changes downhole, and thus, at least in this hole, can be used to predict permeability. We tested this hypothesis at the only other ocean crustal site where electrical resistivity and in situ permeability were both measured, and we found that it predicts the extremely low permeabilities measured at 490-to 570-m subbasement depth at Mid-Atlantic Ridge site 395A.
We applied the predicted permeability versus depth variation in the shallow crust at four other Mid-Atlantic Ridge sites. They all suggest values of 10 -13 to 10 -16 m 2 for the upper part of layer 2. We do not yet have enough high-quality electrical resistivity logging results to test the variation with age of permeability (or even of electrical resistivity and other logs) in the Atlantic. Sites 556 and 558 are in 37-m.y.-old seafloor, sites 395A and 396B are in 7-m.y.-old crust, and site 417D is 100 m.y. old.
The model provides us with a hope for the future. Geophysical logging will become standard in every drillhole of the next phase of deep ocean drilling, whereas in situ permeability measurements will not be done routinely. Instead, these measurements can be made selectively to further substantiate the fracture porosity-permeability analogy. Thus we hope that the next 10 years will lead to a profound understanding of the variation of permeability with depth and age in the oceanic crust and subsequently, of the hydrothermal convection system which it controls.
APPENDIX: THE SLUG TEST THEORY
Consider a well at hydrostatic pressure which is suddenly pressurized by injecting an additional amount of water with a high-pressure pump. The system is then shut in and the excess pressure (H) following the initial pressure pulse (H0) is monitored as it decays with time (t). It is assumed that flow into the tested interval is primarily radial and that the hydraulic properties of the formation remain cc•nstant throughout the test. Another assumption is that volumetric changes due to the expansion and contraction of components [1967] method. However, such an error results in only a small corresponding error in the determination of T. It does result in a large error in the determination of S, however, and the slug test is considered an inaccurate method for the determination of aquifer storage coefficient. The type curve fit is generally good enough to produce an accuracy in T of approximately + 33%. We will produce an estimated error by intentionally misfitting the alpha curve by plus or minus one order of magnitude to produce error bars for our transmissivity values.
The comparison of the shape of the H/H o versus time curve
to the type curve also gives a test of the success of the experiment. If a type curve cannot be fit to within an order of magnitude and/or the shape of the slug test curve differs significantly from that of the type curve, something went wrong with the experiment. Pressure decay curves from experiments in which extreme leakage occurs around a damaged packer result in dramatically different curve shapes from those of the slug test.
When conducting multiple slug tests, it is assumed that the decline in the system head preceding the last slug has stopped before injection of the next slug test or that this declining head can be extrapolated to the end of the test without significant error. The initial head change H 0 is superimposed on this declining head and both H 0 and H(t) of the next slug are measured above the previous test's projection [see Bredehoeft and Papadopulos, 1980] . A failure to account for this changing datum can affect the shape of the data plot and thus result in an erroneous match to the type curves. In practice, if the initial head decline has slowed down sufficiently, it is usually possible to extrapolate the "tail" from a preceding pressure transient through the slug test by fitting it to a simple linear or exponential function. Alternatively, if two complete slug tests occur one after the other, one may fit the first slug test to a type curve and use the projection of that type curve to approximate the head decline upon which the second pulse is superimposed. We use this latter method above.
